The use of entropy and resilience indices for measuring robustness of water distribution networks has been investigated. The effects on network performance, caused by the failure of one or two links, have been evaluated by means of several indices for two existing medium sized water distribution networks serving two towns in southern Italy. All the possible network configurations obtained by suppressing one or two links have been studied, excluding only the cases in which disconnection of some nodes from the remaining part of the network occurred. The hydraulic simulations, carried out with a demand-driven approach by means of the EPANET2 software, have shown that, unlike entropy, resilience may represent a useful index of network robustness with regard to link failures.
INTRODUCTION
The design of water distribution networks has been carried out for decades by a priori assigning network topology, under the assumption that a densely looped layout allows overcoming of local pipe failures and peaks in the water demand spatial and temporal pattern. Pipe diameters are then assigned aimed at the minimization of the overall network cost (capital cost plus operating cost), usually assumed to depend on pipe diameter by means of a simplified relationship (Shamir ; Alperovits & Shamir ) . Such optimal design is usually carried out for the conventional case of peak hour demand, considered to be the most frequent among the possible critical operating conditions. Due to computational difficulties, even for medium sized networks, such a task is usually accomplished for a simplified scheme of network layout in which only some of the pipes, arbitrarily considered as 'main pipes', are retained. The remaining pipes are then added in a second phase, assigning them the minimum pipe size (usually 100 mm), without any further consideration of their cost (Todini ) . The hydraulic performance of the obtained network is then tested for several conventional loading scenarios (i.e., peak hour, fire extinguishment, local pipe failures, and so on).
The advent of low-cost computing has more recently made it possible to define more sophisticated network design procedures, explicitly taking into account water distribution system performance requirements under various network operating conditions. In this respect, the concept of system reliability, usually defined as its ability of performing its required functions under stated conditions for a specified period of time, has been introduced in water distribution networks design.
However, such definition is hardly applicable to the case of water distribution systems, due to their inherent complexity and to the uncertainty about possible operating conditions. Indeed, early studies, which considered among the possible operating scenarios only the case of failure of some of network mechanical components (i.e., pipes, pumps, tanks, valves, etc.), mistook network mechanical reliability for network connectivity, thereby neglecting the effects of failures upon hydraulic head losses (Goulter & A common shortcoming of most of the proposed reliability-based hydraulic network design procedures, besides the computational burden, is that they rely upon the knowledge of the probability of the considered unfavourable events, such as pipe failures or critical demand distributions.
Indeed, few data sets exist allowing either to calculate the probability of mechanical components unavailability ( Therefore, in this paper the deterministic concept of robustness, e.g., the capability of a system of maintaining given performance levels in the presence of unfavourable variations of operating conditions, is investigated and applied to real water distribution systems. To such an aim, network behaviour will be modelled only under a critical condition, namely after the failure of one or more pipes, irrespective of its probability of occurrence. The scope of the study is to define indices that, evaluated for the network under normal operating conditions, allow measuring of to what extent it will be capable of retaining its performance level after the failure of some pipes. The definition of such indices would help prioritizing rehabilitation interventions on water distribution systems at a regional decision-making level.
In particular, the potential use of network entropy To test the usefulness for evaluating network robustness of the above-mentioned indices, two existing medium sized networks serving two towns close to the city of Naples, southern Italy, namely Villaricca (NA), with 30,000 inhabitants, and Parete (CE), with 11,000 inhabitants, have been studied. 
MATERIALS AND METHODS

Demand
Network entropy
The concept of entropy of a water supply network has been derived from Shannon's information entropy (Shannon ), by considering all the possible N p flow paths of water through the network, from source nodes to delivery nodes, and assuming that the probability P k of water flowing through a pipe belongs to k-th path might be expressed as the ratio between path flow Q k and total flow delivered by the network through demand nodes, Q. In such a way, the N p flow paths constitute a set of mutually exclusive and completely exhaustive events, for which the entropy function may be written as:
It is worth noting that, for a given network topology, the set of possible paths connecting all the source nodes to all the delivery nodes is unequivocally defined, as well as the flow belonging to each of them, for a given operating scenario, by means of an hydraulic model of the network.
Thus, once network topology, diameters and roughness parameters of pipes, and a set of demands at delivery nodes have been assigned, a value of entropy S is unequivocally associated to the network.
For the sake of automating the computational procedure, in this study, the calculation of S has been carried out making use of the equivalent recursive expression, based on multiple probability space formulation, proposed by Tanyimboh & Templeman () and applicable to general network layouts.
For any given network topology, the above defined entropy is a measurement of the redundancy of the paths available for water flow in the network, and becomes maximum when all the possible paths carry the same flow Q k ¼ Q=N, say when there are no 'main' paths in the network. Such a feature explains why entropy has been proposed as a surrogate for network reliability, assuming that the more a network is redundant, the more it is reliable
However, such an assumption should be handled with care, since it has been already argued that entropy is more related to connectivity than to hydraulic reliability (Ostfeld ), while there is no direct relation between entropy and energy losses: paradoxically, two topologically identical networks, with diameters and roughness coefficients changed in such a way that energy losses along all the links maintain their mutual ratios, would share the same pipe flows, and thus the same entropy, in a demand-driven analysis, even in the case of an increase in energy losses causing pressure deficit at some nodes. In the same case, a pressuredriven analysis would predict a reduction of delivered flows at some nodes, and thus a change of calculated flows through pipes, which would not necessarily produce a reduction of network entropy, because both Q k and Q could decrease, unpredictably affecting the values of P k in Equation (1).
Network resilience
The concept of resilience introduced by Todini () immediately resembles the above definition of network robustness. The proposed resilience index represents the fraction of the total available power which is not dissipated in the network for delivering the design demands Q nodes:
In Equation (2) In this paper, the resilience index, which is tested as the network robustness index, has also been calculated for situations in which design requirements are not fulfilled. In these cases, the resilience index may assume negative values.
Hydraulic performance indices
The test of the capability of the proposed indices to synthesize network robustness is carried out by means of some indices commonly used to evaluate the hydraulic performance of water supply networks. In particular, the following indices are calculated:
• mean hydraulic head at network nodes,
• hydraulic head standard deviation,
• mean head deficit,
• mean head surplus,
• hydraulic performance index,
In the above equations, z j represents the ground elevation at network nodes; HPI is a simplified version of the hydraulic performance index proposed by Gargano &
Pianese ().
Case studies
The suitability of entropy and resilience as robustness indices has been tested for two medium sized hydraulic networks, serving two towns near Naples (Italy): Villaricca, with 30,000 inhabitants (Di Nardo & Di Natale ) and Parete, with 11,000 inhabitants (Di Nardo & Di Natale ). Figure 1 shows a sketch of the layout of the two networks. The main characteristics of the studied networks are summarized in Table 1 .
Amongst all the network layouts obtained by considering all the possible combinations of simultaneous failure of some pipes, the few configurations giving rise to disconnection of nodes from the rest of the network have been excluded from the set used for the comparison of the indices, because reliable hydraulic head values at such nodes could not be calculated. Figure 2 shows the scatter plots of the values of S vs. I r computed for all the considered layouts of the two studied networks. The two diagrams show clearly that no relationship exists between resilience and entropy, suggesting that different information is provided by the two indices.
RESULTS AND DISCUSSION
Indeed, while it can be shown that resilience index is strictly related to network average hydraulic head at nodes, one may expect that entropy, being a measure of network 
In Equation (8 The correlation coefficients reported in Table 2 
